sion plasmid, MoPrP.Xho, containing the promoter as
In Tg mouse spinal cords, T14-positive spheroidal inof total protein from Tg mice and 9-fold more protein from a wild-type (wt) littermate control, before and after traneuronal inclusions were observed at 1 month, and the size and number of these inclusions increased for dephosphorylation, into adjacent lanes of a gel followed by electrophoresis and protein transfer to blot memup to 6-9 months, but they decreased in abundance by 12 months (Figures 2A-2C) . Notably, many vacuolar branes. These data show that tau proteins from all three Tg mouse lines, but not from the wt mouse, are detected lesions of the same size or larger than the inclusions were also observed in the older Tg mice ( Figure 2C ), by T14, a human tau-specific monoclonal antibody (mAb), and that the dephosphorylated tau bands from which may reflect the degeneration of affected axons. The inclusions were about the size of medium-to-large the Tg mice align with recombinant fetal human tau. Using a polyclonal antibody (17026) that recognizes huspinal cord neurons, and some appeared to arise within proximal axons of spinal cord neurons. Although they man and mouse tau in quantitative Western blot studies, we showed that the heterozygous Tg mouse lines 7, 43, occurred in gray and white matter at all spinal cord levels, the inclusions were most frequent at the grayand 27 overexpressed tau proteins at levels that were approximately 5-, 10-, and 15-fold higher, respectively, white junction. Spinal cord sections were probed with a panel of than endogenous mouse tau. Figure 1D demonstrates that the expression levels of Tg tau varied in different antibodies to tau and other neuronal cytoskeletal proteins, and the inclusions were immunostained by an CNS regions, as revealed by Western blot studies conducted on Tg line 7 with antibodies T14 and 17026.
antibody commonly used to detect tau protein found in PHFs (i.e., Alz50; Figure 2D ) and other hyperphosphoryFor example, neocortex, hippocampus, brainstem, and cerebellum express comparable levels of Tg tau, but lated PHF-tau epitopes, including PHF1 (phosphoserine 396 and 404, numbering according to the largest human spinal cord expresses ‫%06ف‬ of those seen in these regions. brain tau), PHF6 (phosphothreonine 231), T3P (phosphoserine 396), AT8 (phosphoserine 202 and 205), AT270 Although the heterozygous line 27 mice had the highest levels of Tg tau, they were not viable beyond 3 (phosphothreonine 181), and 12E8 (phosphoserine 262) (data not shown). Therefore, these lesions contain hymonths, and homozygous mice generated from each of the three lines died in utero or within 3 months postnatal.
perphosphorylated tau similar to PHF-tau. Significantly, these inclusions were also stained strongly with antibodTherefore, the studies described below were conducted on 1-to 12-month-old heterozygous Tg mice from lines ies to the low-(NFL), middle-(NFM), and high-(NFH) molecular mass NF proteins ( Figures 2F-2H and 2K ). 7 and 43. 
Both phosphorylated and nonphosphorylated NFM and
RMdO9 confirmed the colocalization of tau and NFs in these inclusions (Figures 2J-2L ). In addition, anti-tubulin NFH were observed in these lesions. Indirect immunofluorescence double labeling with antibodies 17026 and antibodies immunostained these inclusions ( Figure 2E ). These data, taken together with the findings described were thioflavine S negative, and they were not stained by antibodies to ␣-internexin, peripherin, ubiquitin, or above, suggest that these tau Tg mice develop a neurodegenerative disease that recapitulates the hallmark lesynucleins (data not shown).
Line 43 expressed higher levels of human tau than sions of human tauopathies. line 7, and similar tau-rich inclusions were also observed in the spinal cord and the brain in an age-dependent Insoluble Tau Protein Progressively Accumulates in the CNS of Tau Tg Mice manner ( Figure 2H ), but they were larger and more abundant than in line 7. For example, we found that in the To determine whether tau became insoluble in the tau Tg mice with age and disease progression, as in human spinal cord of 6-month-old animals, line 43 expresses twice as many tau inclusions as line 7. These results tauopathies, we analyzed the solubility of tau protein by extracting brain and spinal cord samples using buffers indicate that the accumulation of these tau-rich lesions in the tau Tg mice is transgene dose dependent as well with increasing extraction strengths. As shown in Figure  6 , the spinal cord and brain samples from 1-, 3-, 6-, and as age dependent.
Transmission electron microscopy (EM) studies of 9-month-old line 7 Tg and wt mice were sequentially extracted with reassembly buffer (RAB), radioimmunothese inclusions ( 
numbers in L5 ventral roots of Tg and wt mice, based
Discussion on semithin section micrographs. Although at 6 months Our study provides compelling evidence that the overexof age the number of axons in the Tg mice was comparapression of normal tau protein in Tg mice causes a CNS ble to that measured in of age-matched wt mice, a 20% neurodegenerative tauopathy that recapitulates key asdecrease was seen in 12-month-old Tg mice, relative to pects of human tauopathies, such as ALS/PDC and PSP, their wt counterparts ( Figure 8G ). We also determined as well as some FTDP-17 syndromes. For example, we the densities of NFs and MTs in the L5 ventral root axons observed a progressive, age-dependent accumulation in these mice (Figures 8D-8F) . Interestingly, despite a of argyrophilic, tau-immunoreactive inclusions in neusignificant reduction of MT density in the 12-monthrons of spinal cord, brainstem, and neocortex, similar old Tg mice, the NF density remained unchanged when to human tauopathies. Since the inclusions in the Tg compared with age-matched wt mice (Figures 8H-8I 
Generation of Tau Tg Mice Determination of the Phosphorylation State of Tau in Tg Mice

A cDNA construct of the shortest human brain tau isoform (T44)
To assess the phosphorylation state of Tg tau, cortical tissues from was cloned into the MoPrP.Xho expression vector at the XhoI site.
6-month-old line 7 Tg mice were extracted as described above. A 15 kb NotI fragment containing T44, the PrP promoter, together A simplified protocol was adopted to generate the RAB-insoluble with its 3Ј untranslated sequences, was used as the transgene to fractions. Briefly, the RAB-insoluble pellets were sonicated in samcreate tau Tg mice on a B6D2/F1 background. Genomic DNA sample buffer containing 0.2 g/ml sucrose, 18.5 mM Tris (pH 6.8), 2 mM ples were isolated from mouse tails with the Puregene (Gentra Sys-EDTA, 80 mM DTT, and 2% SDS, and the 50,000 ϫ g supernatants tems) DNA isolation kit. Potential founders were identified by Southwere used as insoluble Tg tau samples. Human PHF-tau, autopsyern blot analysis with a 
Determination of Tubulin and NF Protein Levels in Sciatic Nerves of Tg Mice Western Blot Analysis of Tau Expressed in the CNS
To determine the tubulin and NF protein levels in sciatic nerves, 10 of wt and Tg Mice mm segments of proximal sciatic nerve from line 7 Tg mice and To estimate tau expression levels in different Tg lines and in the age-matched wt mice (1, 3, 6, and 9 months) were harvested and diverse CNS regions of line 7 Tg mice, tissues were carefully disindividually homogenized in 500 l of ice-cold RAB Hi-Salt buffer. sected after mice were lethally anesthetized. The tissues were hoAfter centrifugation at 50,000 ϫ g for 40 min at 4ЊC, the supernatants mogenized in 2 ml/g of ice-cold RAB Hi-Salt buffer (0.1 M morpholiwere used for the analysis of tau and tubulin, whereas the pellets neethanesulfonic acid (MES), 1 mM EGTA, 0.5 mM MgSO 4 , 0.75 M were used for NF analysis. Equal volumes (15 l) of each sample were NaCl, 0.02 M NaF, 1 mM phenylmethylsulfonyl fluoride, and 0.1% analyzed by quantitative Western blotting. protease inhibitor cocktail [100 g/ml each of pepstatin A, leupeptin, N-tosyl-L-phenylalanyl chloromethyl ketone, N-tosyl-lysine chloElectron Microscopy romethyl ketone, and soybean trypsin inhibitor, and 100 mM EDTA Transmission EM was performed to study the ultrastructure of the (pH 7.0)]) and centrifuged at 50,000 ϫ g for 40 min at 4ЊC in the inclusions. Tg mice and wt littermates at 6 and 12 months of age Beckman TL-100 ultracentrifuge. The supernatants were boiled for (n ϭ 4) were deeply anesthetized and sacrificed by intracardiac 5 min, chilled on ice for 5 min, and recentrifuged at 10,000 ϫ g for perfusion with 10 ml of 0.1 M cacodylate buffer (pH 7.4) followed 20 min at 4ЊC. Protein concentration was then determined for the by 50 ml fixative (2% glutaraldehyde and 2% paraformaldehyde in second supernatants with the BCA assay kit (Pierce). To prepare 0.1 M cacodylate buffer). The L5 segments of the spinal cord and dephosphorylated tau, an aliquot of the supernatant was incubated L5 ventral roots were removed and postfixed in 2% osmium tetroxwith Escherichia coli alkaline phosphatase (Sigma) at 37ЊC overnight ide for 45 min at 4ЊC. The samples were embedded, sectioned, as described (Hong et al., 1998). Equal amounts (15 g) of nondestained, and examined as described (Tu et al., 1995) . phosphorylated and dephosphorylated samples were subsequently Postembedding immuno-EM was performed for Tg and wt mice resolved on 7.5% SDS-PAGE gels and transferred onto nitrocellu-(6 and 12 months, n ϭ 4) by intracardiac perfusion with 10 ml of 0.1 lose membranes. Quantitative Western blot was performed by using M cacodylate buffer (pH 7.4) and 50 ml of fixative ( 
